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We report on the short-time dynamics in colloidal mixtures made up of monomers and dimers
highly confined between two glass-plates. At low concentrations, the experimental measurements
of colloidal motion agree well with the solution of the Navier-Stokes equation at low Reynolds
numbers, which takes into account the increase of the drag force on each particle due to wall-
particle hydrodynamic forces. We find that the ratio of the short-time diffusion coefficients of the
monomer and that of the center of mass of the dimer remains independent of both the total packing
fraction and the dimer molar fraction up to concentrations near to the crystallization transition. The
same physical scenario is observed for the ratio between the parallel and perpendicular components
of the short-time diffusion coefficients of the dimer. This dynamical behavior is corroborated by
means of Molecular Dynamics computer simulations that explicitly include the particle-particle
hydrodynamic forces induced by the solvent. Thus, our results point out toward that the effects of
the particle-particle hydrodynamic interactions on the diffusion coefficients are identical and, thus,
factorable in both species.
Introduction. Many phenomena observed in colloidal
dispersions resemble those of atomic systems. However,
the colloidal dynamics exhibits special features due to
the solvent-mediated forces typically known as hydrody-
namic interactions (HI) [1]. Contrary to direct particle-
particle interactions, HI can be tuned, but never com-
pletely screened or switched off. In a simple physical
picture, HI can be understood as follows. The motion of
a given colloidal particle induces a flow field in the sol-
vent which is felt by the surrounding colloids. Thus, the
motion of one colloidal particle causes a solvent-mediated
force on the neighboring colloidal particles.
In contrast to the static counterpart, the colloidal dy-
namics is far from being completely understood. The rea-
son is partially related with the fact that the colloidal dy-
namics extends over a wide range of temporal and length
scales due to the enormous difference in size and mass be-
tween the colloids and the solvent molecules, giving rise
to complex and long-ranged HI [1, 2]. The latter ones
lead to non-trivial coupling among colloids that extends
over many mean-interparticle distances [1, 2]. The under-
standing of HI is thus of relevance not only in physics, but
also in several branches of science, such as biology, since
phenomena like hydrodynamic synchronization in either
biological systems (sperm, cilia, flagella) [3, 4] or active
fluids [5], and the dynamics of microswimmers [6, 7] can
only be explained in terms of hydrodynamic forces.
During the last few decades, the study of the hydro-
dynamic coupling between two or three spherical colloids
[8, 9] or a spherical colloid near a wall [10–12] has been
made possible thanks to the use of videomicroscopy tech-
niques [13] and the optical control of colloids through fo-
cused beams of light [8]. Besides, the contribution of HI
on the colloidal dynamics at finite concentration has been
mainly studied in model monodisperse suspensions com-
posed of spherical colloids in the bulk [2] and confined
between two plates or at the air-water interface [14–17].
Nonetheless, a few years ago, the dynamical behavior
of anisotropic colloids was experimentally studied at low
particle concentrations [18–20]. However, little is known
about the effects of HI in multi-component systems made
up of either spherical [21] and non-spherical colloids. Re-
cent contributions point mainly toward the study of the
hydrodynamic coupling between the translational and ro-
tational degrees of freedom of a family of non-spherical
colloids [22] and the short-time diffusivity of dicolloidal
particles [23]. Nevertheless, nowadays, there is no a full
understanding of the effects of the HI in multicomponent
anisotropic colloidal systems.
Hence, in this Letter we report on the short-time dy-
namics in quasi-two-dimensional colloidal mixtures com-
posed of monomers and dimers. Our results make evident
that HI affect the short-time dynamics in such a way that
the diffusion coefficient can be decomposed in two contri-
butions, one including only confinement effects, in form
of a diffusion coefficient at infinite dilution different from
the bulk value, and a monotonically decreasing part that
depends only on the volume fraction. Moreover, we give
experimental and simulation evidence pointing out that
the functional form of the latter contribution is identi-
2cal and, thus, factorable, for both species at least for the
range of concentrations studied here.
Experimental setup. Colloidal dimers are prepared fol-
lowing the aggregation and fractionation procedure de-
scribed in Ref. [24]. Polystyrene (spherical) particles in
water solution of diameter σ =2 µm (Duke Scientific)
with negatively charged sulphate end groups on the sur-
face are dialyzed against ultrapure water. Particle aggre-
gation is promoted by the addition of NaCl at a concen-
tration of 500 mM during six minutes. This process is
quenched by dialysis of the colloidal suspension in clean
water. To produce sinterization of particles in contact, a
vial with the suspension is immersed in glycerol at a tem-
perature close to the melting temperature of polystyrene
(104 ◦C) for 15 minutes. After cooling down at room tem-
perature (24± 0.1◦ C), the different colloidal clusters are
separated by centrifugation in a sugar density gradient
tube; sugar is eliminated by centrifugation and redisper-
sion in a aqueous solution of SDS at 1 cmc to avoid fur-
ther clusterization. The resulting dimers are now mixed
with monomers and a small amount of larger particles
of diameter 2.98 µm that serve as spacers. The colloidal
dispersion is confined between two clean glass plates (a
slide and a cover slip). The system is sealed with epoxy
resin and the mobile particles are allowed to equilibrate
in the confined geometry. A schematic representation of
the quasi-two-dimensional system is displayed in Fig. 1a.
In order to track the colloidal particles, the sample
is observed from a top view, i.e., perpendicular to the
glass walls, using an optical microscope with a 40 × ob-
jective and numerical aperture 0.6. The time evolution
of the system is recorded using a standard video equip-
ment [25]. Because the high confinement of the mixture,
the motion of the particles perpendicular to the walls is
highly restricted. Individual images extracted from the
recorded video are analyzed to obtain both x and y coor-
dinates of the center of the particles and from such data
the trajectories are fully recovered. Dimers are identi-
fied by tracking the average distance between adjacent
particles as a function of time. We found an average dis-
tance between center of particles forming dimers to be 0.9
±0.04 σ, as consequence of the sinterization procedure.
From the trajectories, both translational and rotational
components of the mean-square displacements (MSDs)
are obtained. In the case of the dimers, the translational
MSD can also be decomposed in the directions parallel
and perpendicular to the long axis of symmetry.
The previous protocol is carried out for several dimer
molar fractions xd and total packing fractions φ in or-
der to explore a wide number of points in the parameters
space, as displayed in Fig. 1b. For the comparison of the
experimental measurements with computer simulations,
we have selected six representative points of the param-
eters space (diamonds in Fig. 1b labelled as a,b,c,d,e,f).
Diffusion at low concentrations: wall-particle hydrody-
FIG. 1. a) Cartoon of the colloidal mixture of monomers
and dimers confined between two glass plates separated by
spacers. b) Experimental (dots) and simulated (diamonds)
points of the parameter space, xd vs φ, considered in this
work. Insets display snapshots of experimental equilibrium
configurations.
namic forces. It is well-known that HI and the Brownian
motion of colloidal particles are dramatically affected by
the presence of walls [12, 26]. In particular, several exper-
iments have been carried out to understand the single-
particle diffusion near to a flat wall [27–29]. Further-
more, Rice and co-workers derived a robust approxima-
tion to determine the decrease of the diffusion coefficient
parallel to the walls, which was corroborated in exper-
iments of an isolated colloidal sphere confined between
flat plates [27]. For the conditions of our experiments,
such approximation predicts a reduction of 45% in the
short-time diffusion coefficient, Ds0, of a single sphere at
the bulk, i.e., the so-called Stokes-Einstein diffusion co-
efficient, Ds0 = kBT/3πησ, where kB is the Boltzmann
constant, T the absolute temperature and η the viscos-
ity. This prediction is close to the experimental value
measured for the monomers at very diluted conditions
(state b, Fig. 1b), whose reduction is about 35% the
value of Ds
0
.
As mentioned previously, the dynamics of non-
spherical colloids is nowadays a challenging topic of
paramount importance within the context of condensed
matter physics. From theoretical point of view, re-
cent advances have been achieved by solving the Navier-
Stokes equations in the limit of low Reynolds number,
Re ≪ 1, for anisotropic particles [26, 30]. In particu-
lar, Zabarankin [30] calculated the drag force and the
resisting torque experienced by a dicolloid-like particle
at the bulk. Then, using Zabarankin’s approximation
3together with a similar approach as the one proposed by
Rice [27], a reduction of 45% in the short-time diffusion
coefficient of the center of mass of a dimer is estimated.
One can compare this result with the experimental mea-
surements, also in the limit of low concentrations (state
a, Fig. 1b). The reduction turns out to be only 30% the
bulk value. The difference between theory and experi-
ments is larger than in the case of the monomers. This
might be linked to two sources that are not taken into
account in the theoretical description: i) the dimer is not
located at the center of the glass plates and ii) it is able
to rotate out the parallel plane to the walls. Nonetheless,
Happel and Brenner [29] have studied the dynamical be-
havior of a single spheroid located in the middle of two
parallel walls. Then, by mapping the characteristic di-
mensions of the dimer used in the experiments directly to
the spheroid, it is possible to find a decrease in the trans-
verse diffusivity of 33% (theory) and 39% (experiments),
which is in better agreement with our estimations and
measurements.
Computer simulations and temporal re-scaling of the
short-time dynamics. To confirm our experimental re-
sults at higher concentrations, we have carried out Molec-
ular Dynamics (MD) simulations of the whole colloidal
dispersion taking into account explicitly the solvent
molecules; this avoids the use of an approximation for
the colloid-colloid hydrodynamic interactions. The sim-
ulation results have been produced with the open source
MD package ESPResSo [31, 32]. In the simulations, we
have considered a 2D system made up of monomers and
dimers in a bath of smaller particles representing the sol-
vent molecules. All particles interact through a pseudo-
hard-sphere model recently proposed by Jover et al. [33];
solvent particles have a diameter ten times smaller than
the colloids size and occupy a surface fraction that al-
lows us to match the experimental conditions, however,
in a few cases, we have checked that the same results are
obtained when the solvent molecules are twenty times
smaller (data not shown). Dimers are formed using the
rigid bond feature of ESPResSo. At the beginning of the
simulation, all particles are randomly distributed in the
simulation box and during the runs the center of mass
of each particle is constrained to move on the xy−plane,
i.e., motion along the z−direction is not allowed. Sim-
ulations are performed in the NV T ensemble using the
Langevin thermostat implemented in ESPResSo. The
total number of monomers and dimers used in the sim-
ulation matches the number of colloids observed in the
view field of the experiment, ranging from N = 50 up
to N = 950 colloids. Since the computer simulation
with the explicit inclusion of solvent molecules is a time-
consuming task [34], we only simulate those state points
indicated by diamonds in Fig. 1b.
We should point out that the dynamics provided by the
MD simulation does not lie in the same temporal regime
of the experiments. Nevertheless, it is possible to re-scale
the MD time to directly compare with the experiments
[35, 36]. The re-scaling consists in replacing the MD time
as follows: t →
√
kBT/M
σ
D0
s
t, where M is the mass of
a monomer. Hence, we present all the simulation results
with such temporal re-scaling.
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FIG. 2. Mean-square displacement, W (t), of the center of
mass of a monomer (main body) and the center of mass of a
dimer (inset-left). Inset-right displays the short-time diffusion
coefficients, Ds, of both species as a function of the total
packing fraction obtained from the expression: W (t) = 4Dst.
Symbols are experimental data and lines simulation results
for those state points indicated by diamonds in Fig. 1b.
Diffusion at finite concentrations: colloid-colloid hy-
drodynamic forces. The mean-square displacements,
W (t) ≡
〈
(~r(t)− ~r(0))2
〉
, for the monomer (main body)
and the center of mass of the dimer (inset-left) for those
state points indicated in Fig. 1b are displayed in Fig.
2. As it is seen from the figure, the MD results clearly
display the ballistic (W (t) ∝ t2) and diffusive (W (t) ∝ t)
regimes characteristic of the underlying Newtonian dy-
namics. Overall, one can observe a very good agreement
between MD simulations and experiments. This con-
firms that the simulation model captures correctly the
colloid-colloid hydrodynamic effects and that the tem-
poral re-scaling of the MD simulations is appropriated.
Besides, we should point out that this level of agreement
makes evident that the hydrodynamic interactions are
indispensable to explain the observed diffusive behavior,
otherwise the colloidal dynamics is not correctly captured
(data not shown). Furthermore, as expected, one can ob-
serve that the monomers diffuse faster than the dimers.
Inset-right shows that the short-time diffusion coefficients
of both species decrease monotonically with the concen-
tration following the same trend. This suggests that the
effects of the HI on the short-time diffusion coefficient
can be decomposed in two contributions: one that does
not depend on the volume fraction, but only on the con-
finement (as explained above), and a contribution that is
a function of the concentration. Inset-right also indicates
4that the concentration-dependence of the short-time dif-
fusion coefficients has a similar functional form in both
species. We discuss an important consequence of this
observation further below.
As mentioned above, the MSD of the dimers can also
be decomposed in two contributions: parallel and per-
pendicular to the main axis of symmetry. In Fig. 3 such
contributions are explicitly displayed for the state points
indicated in Fig. 1b. There, one can appreciate that
the short-time diffusion coefficients, parallel (main body)
and perpendicular (inset), decrease when the concentra-
tion increases. One can also notice that the diffusion
along the parallel direction becomes faster than the per-
pendicular one. This can be easily understood if one
considers that the cross section perpendicular to the axis
of symmetry of the dimer is smaller than the parallel one.
This means that less solvent molecules collide frontally
with the dimer, then reducing drastically the friction in
the parallel direction. The opposite scenario occurs in
the perpendicular direction. Nonetheless, at sufficiently
long-times, i.e., when the dimer has explored most of its
phase space, both MSDs reach the same value (data not
shown). Again, within the time window shown here, the
computer simulations are able of capturing the whole dif-
fusive mechanisms.
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FIG. 3. Mean-square displacement, W (t), for the parallel
(main body) and perpendicular (inset) displacements, respect
to the main axis, of a dimer. Symbols are experimental data
and lines simulation results for those state points indicated
by diamonds in Fig. 1b.
To fully characterize the dynamics of the dimers, we
have also measured the mean-square angular displace-
ment (MSAD), which is explicitly shown in Fig. 4. From
this figure, one can observe that the computer simula-
tions predict a MSAD that displays a linear-time depen-
dence at short-times (W (t)rot ∝ t). At this regime, the
simulations capture the characteristic rotational diffusion
of an ellipsoidal Brownian particle confined between two
flat walls [37] and the tendency seen in the translational
dynamics discussed above: the rotational diffusion coeffi-
cient decreases with the total packing fraction (see inset).
In this case, the deviations between simulations and ex-
periments are more notorious; this difference might be
related with the fact that the temporal re-scaling used
to compare the simulation data with the experimental
results is not completely correct to account for the rota-
tional dynamics.
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FIG. 4. Mean-square angular displacement of a dimer,
W (t)rot. Symbols are experimental data and lines simula-
tion results for those state points indicated by diamonds in
Fig. 1b. Inset shows the density-dependence of the short-time
angular diffusion coefficient.
Discussion: decomposition and factorization. So far,
we have characterized the dynamics of both species, i.e.,
monomers and dimers, in a wide interval of concentra-
tions (see Fig. 1b). As explained above, the wall-
particle hydrodynamic forces are responsible for the in-
crease of the drag force parallel to the walls. This mech-
anism clearly affects the particle diffusion in the parallel
plane, but it is an effect that enters in the same way
on each particle regardless the type of species, whereas
the diffusion in the perpendicular direction is suppressed
due to the high degree of confinement of the parti-
cles. Thus, the phenomenology observed in the MSDs
should be associated to a competition between the di-
rect forces among colloids and the colloid-colloid hydro-
dynamic forces. Naively, one might think that the latter
ones do not contribute dramatically at low and high par-
ticle concentrations, but should be important at inter-
mediate concentrations. Additionally, due to the torques
that the dimers experience, one can also think that the
translational-rotational hydrodynamic coupling may af-
fect drastically their dynamical behavior [37]. Therefore,
in order to quantify the difference in the diffusivity of
monomers and dimers, we consider the ratio of the short-
time diffusion coefficients of the center of mass of the
dimer and the monomer. This ratio is explicitly shown
in Fig. 5 as a function of the total packing fraction. Inter-
5estingly, such ratio is practically independent of both the
total packing fraction and the molar fraction of dimers
and takes the value 0.57 ± 0.03. This means that hy-
drodynamic interactions play the following crucial role
in the colloidal dynamics of the mixture: their effects
on the diffusion coefficients are identical in both species
and can be decomposed in a short time coefficient includ-
ing only a confinement contribution, and a monotonically
decreasing concentration-dependent part; a similar con-
clusion has been reached in experiments of near-wall dy-
namics of concentrated hard-spheres suspensions [38]. In
fact, computer simulations predict the same physical sce-
nario. A similar behavior is also seen for the ratio of the
transversal and parallel short-time diffusion coefficients
of the dimer, finding an experimental value of 0.71±0.02,
although in this case the simulations (0.52±0.05) under-
estimate the value measured in the experiments. This
difference might be related to the number of approxima-
tions included in the simulation model that does not take
into account several features of the physical system, for
example, dimers can slightly rotate along the perpendic-
ular plane of confinement (producing an interaction with
the walls) and the proper estimation of the solvent vis-
cosity.
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FIG. 5. Experimental (open symbols) and simulation (closed
symbols) results for the ratio of the short-time diffusion co-
efficients of the center of mass of the dimer and monomers,
and the ratio of the parallel and transversal short-time diffu-
sion coefficients of a dimer as a function of the total packing
fraction. Solid lines just guide the eye.
Conclusions. We have demonstrated that the ratio
of the short-time self-diffusion coefficients in a colloidal
mixture composed of monomers and dimers is indepen-
dent of the particle concentration up to a surface fraction
of 0.70. Our findings imply that hydrodynamic interac-
tions are equal for both species and, in consequence, they
become factorable. Thus, by characterizing the short-
time self-diffusion of one of the species, the other one
can be straightforward determined. However, further ex-
periments and computer simulations are needed to cor-
roborate this scenario in the case of mixtures with ei-
ther higher size ratios or different shapes. Our findings
are thus crucial for the understanding of the colloidal
dynamics and for the development of theoretical frame-
works that take into account hydrodynamic interactions
in anisotropic mixtures at finite concentration.
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